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Introduction {#sec001}
============

Insulin-like growth factor 1 (IGF-1) is a 7.5kDa peptide hormone produced primarily in the liver and also in smaller quantities in other organs such as the brain \[[@pone.0155733.ref001]\]. IGF-1 production in the liver is regulated by growth hormone secreted by the pituitary gland, while regulation in other tissues is not yet fully understood. In serum, IGF-1 binds to a family of insulin-like growth factor binding proteins (IGBPs) that extend its serum half-life. The primary target of IGF-1 is the IGF-1 receptor (IGF-1R), but can also activate the insulin receptor \[[@pone.0155733.ref002]\]. Downstream targets of IGF-1R include activation of the MAPK/ERK and PI3K/AKT pathways, which results in pro-growth and anti-apoptotic signals \[[@pone.0155733.ref003]\]. IGF-1 levels are high at a young age and then slowly decrease until death \[[@pone.0155733.ref004]\]. Excess IGF-1 can result in acromegaly, a condition characterized by excessive growth, while lack of IGF-1 can result in dwarfism \[[@pone.0155733.ref005], [@pone.0155733.ref006]\]. Increased IGF-1 is also linked to a high risk for certain cancers, likely due to enhancement of cell proliferation \[[@pone.0155733.ref007]\]. IGF-1 serum levels are reduced in diabetes \[[@pone.0155733.ref008]\].

IGF-1 plays an important role in neurogenesis and neurodevelopment, and abundant IGF-1 receptors are expressed in the brain \[[@pone.0155733.ref009]\]. The majority of IGF-1 in the brain is thought to be transported from serum across the blood brain barrier with the aid of megalin/LRP2 and LRP1 \[[@pone.0155733.ref010], [@pone.0155733.ref011]\]. IGF-1 binds to megalin/LRP2 on the endothelial cell surface and is transported across the cell and in turn blood brain barrier via transcytosis \[[@pone.0155733.ref012]\]. IGF-1 import can also be facilitated by LRP1, which is regulated by neuronal activity \[[@pone.0155733.ref011]\]. Hippocampal IGF-1 levels are positively correlated with serum IGF-1 levels and in otherwise healthy rats increasing the level of the latter will result in an increase in the former \[[@pone.0155733.ref013]\]. Brain IGF-1 is important for cognitive function and may stimulate neurogenesis \[[@pone.0155733.ref014]\]. Glucose metabolism in the brain is also regulated by IGF-1 and IGF-1R, and a reduction of signaling in this pathway decreases GLUT4 expression and glucose utilization \[[@pone.0155733.ref015]--[@pone.0155733.ref017]\]. Low serum levels caused by rare mutations in the IGF-1 gene lead to declined cognitive abilities that can be restored by supplementation with recombinant IGF-1 \[[@pone.0155733.ref018]\]. IGF-1 levels also decrease with age \[[@pone.0155733.ref019]\] and in diabetes \[[@pone.0155733.ref020]\], both coinciding with declined cognitive abilities.

IGF-1 regulates the signaling pathways that are altered in Alzheimer's disease (AD). For instance IGF-1 enhances the survival of neurons that have been exposed to beta amyloid and inhibits tau phosphorylation through the inhibition of GSK-3β \[[@pone.0155733.ref021]--[@pone.0155733.ref025]\]. Furthermore, the IGF-1 pathway is dysregulated in AD, with alterations in both the levels and phosphorylation state of IGF-1R as well as the levels of IGF-1 and IGF-1R mRNA in the brain \[[@pone.0155733.ref026]\]. This dysregulation appears to be progressive, becoming more severe as the disease continues.

Animal models of AD have been used to study the relationship between IGF-1 and AD *in vivo*. These animals models include transgenic mice which have mutant amyloid precursor protein (APP) and presenilin 1 (PS1), both of which are associated with familial early onset AD in humans, or mutant tau protein that is not normally associated with familial AD in humans but results in a human-like AD pathology \[[@pone.0155733.ref027]\], and mice treated with aluminum chloride (AlCl~3~) or streptozotocin to induce AD-like pathologies \[[@pone.0155733.ref028], [@pone.0155733.ref029]\]. *In vivo* animal studies suggest that IGF-1 is an important mediator in the clearance and regulation of beta amyloid in the brain \[[@pone.0155733.ref030]\]. Systemic IGF-1 infusion in transgenic mice with mutant APP and presenilin led to export of beta amyloid into the serum and reduction of brain beta amyloid levels \[[@pone.0155733.ref031]\]. Furthermore, IGF-1R blockade in the choroid plexus results in a buildup of beta amyloid in the brain and AD-like pathology \[[@pone.0155733.ref023]\]. In wild type mice with beta amyloid infused into the brain, the systemic addition of IGF-1 was found to lower the toxicity of beta amyloid, further demonstrating that systemic administration of IGF-1 is neuroprotective \[[@pone.0155733.ref032]\]. IGF-1 deficiency caused earlier plaque formation in a transgenic mouse model of AD \[[@pone.0155733.ref033]\]. In contrast, independent studies showed that decreasing IGF-1R activity in the brain improved AD pathology in Igf1r+/- mice \[[@pone.0155733.ref034]\], indecated by densely packed aggregates which conferred decreased toxicity. However, decreasing IGF-1R activity in the brain did not prevent beta-amyloid production \[[@pone.0155733.ref034]\], This is likely due to beta-amyloid toxicity being greatest when in soluble oligomers versus in plaques/aggregates \[[@pone.0155733.ref035]\]. Consistent to these findings \[[@pone.0155733.ref034]\], studies using AD-like (APP/PS1) mouse knockout models of IGF-R and IRS-2, a signaling protein downstream of IGF-1R, also present with decreased toxicity even when plasma beta-amyloid levels increased \[[@pone.0155733.ref036], [@pone.0155733.ref037]\]. The AD-like animals lacking IGF-1R showed improvement in spatial memory with reduction of anxiety in the adulthood \[[@pone.0155733.ref037]\]. In addition, lowering serum IGF-1 via protein restriction diet ameliorated AD pathology in transgenic mouse models \[[@pone.0155733.ref038]\]. Most surprisingly, the administration of IGF-1 into the serum failed to alter beta amyloid levels in multiple compartments across transgenic rats, mice, and dogs \[[@pone.0155733.ref039]\]. These observations collectively questioned the use of IGF-1 as a treatment for AD, and challenged the notion that increased serum IGF-1 is neuroprotective in AD.

To better understand the potential role of IGF-1 in AD, in this study we compared the plasma, brain, and CSF levels of IGF-1 across multiple studies involving animal models of AD and analyzed human studies pertaining to the relationship between IGF-1 levels and AD. The goal of this study is to provide an unbiased and comprehensive analysis of the relationship between serum IGF-1 and AD in humans.

Methods {#sec002}
=======

To find relevant studies, the authors (P.O., J.F., A.B, and Z.P.F.) searched PUBMED, Ovid SP, and Cochrane library. The keyword combinations used in all three databases were "Alzheimer AND insulin like growth factor", "Dementia AND insulin like growth factor", and "Cognitive disorders AND insulin like growth factor". Databases were searched on August 13^th^ 2014 with no language restrictions. No data was found when searching for unpublished studies. Inclusion criteria were as follows: 1) AD diagnosis using defined criteria; 2) matched control group; 3) serum IGF-1 values reported for both groups. Only primary studies reporting novel data were included in this study.

From the selected studies we extracted the authors' names, publication year, study size, sample sizes, mean serum IGF-1 levels, mean age, serum collection protocol, serum analysis protocol, AD diagnosis criteria, as well as IGFBP-3 and CSF IGF-1 levels, if available. Serum IGF-1 values were analyzed in ng/mL, and were converted from nM using a molecular weight of 7.5 kDa \[[@pone.0155733.ref040]\], if required. For data reported as standard error of the mean, the equation $SD\, = \, SEM\, \times \,\sqrt{n}$ was used to convert the data to standard deviation which was used in this study. Serum IGF-1 was analyzed using Review Manager (RevMan; Version 5.3. Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). Studies were analyzed using the weighted mean difference between AD and control groups within a study, and a random effects model on pooled mean differences to determine statistical significance across all included studies, which was indicated by a *P* value of less than 0.05. Heterogeneity of the studies was determined using Review Manager I^2^ statistics, while publication bias was determined using Egger's and Begg's tests. Grubb's test was used to determine whether any studies were outliers.

Results {#sec003}
=======

We first compared the plasma, brain, and CSF levels of IGF-1 across multiple studies involving animal models of AD. [Table 1](#pone.0155733.t001){ref-type="table"} shows that brain and/or CSF IGF-1 levels decreased in APP and APP/PS1 transgenic mice as well as AlCl~3~-treated mice \[[@pone.0155733.ref028], [@pone.0155733.ref041], [@pone.0155733.ref042]\]. Interestingly, serum IGF-1 is increased in APP, APP/PS1, and 3xTG transgenic mouse models \[[@pone.0155733.ref038], [@pone.0155733.ref042]\]. These findings suggest that there is altered IGF-1 transport between the CSF and serum in transgenic mouse models, as the ratio of CSF/serum IGF-1 is lower than in wild type controls \[[@pone.0155733.ref038]\]. If this is the case, then the elevation of serum IGF-1 levels may not in turn elevate CSF IGF-1 to a significant degree.

10.1371/journal.pone.0155733.t001

###### Summary of the reported IGF-1 levels of serun and CSF/brain from AD or wildtype mice.

![](pone.0155733.t001){#pone.0155733.t001g}

  First Author (Year)                                    Journal                    Animal   Model     AD Serum IGF-1 (ng/ml)   CSF/Brain IGF-1 (ng/ml)
  ------------------------------------------------------ -------------------------- -------- --------- ------------------------ -------------------------
  **Trueba-Saiz, A (2013)** \[[@pone.0155733.ref042]\]   Translational Psychiatry   Mouse    APP       ↑                        ↓
                                                                                             APP/PS1   ↑                        ↓
  **Parrella, E (2013)** \[[@pone.0155733.ref038]\]      Aging Cell                 Mouse    3xTG      ↑                        \-
  **Hu, Y (2013)** \[[@pone.0155733.ref041]\]            Neuroscience Bulletin      Mouse    APP/PS1   \-                       ↓
  **Fadl, N (2013)** \[[@pone.0155733.ref028]\]          Hum Exp Toxicol            Mouse    AlCl3     \-                       ↓

To better understand whether IGF-1 is a protective agent in AD, we identified a total of 3540 studies from the database search, yielding 10 studies that provided serum IGF-1 values that could be used for analysis ([Fig 1](#pone.0155733.g001){ref-type="fig"}). We were unable to extract data from four relevant studies in addition to those 10, and another two studies which analyzed the incidence of AD in relation to serum IGF-1 but did not report serum levels for AD patients. Serum IGF-1 was analyzed by either radioimmunoassay or ELISA. Among the included 10 studies there were 850 AD patients and 871 controls for a total of 1721 participants, ranging from just 15 participants in the smallest study to 437 in the largest. Subject AD diagnosis in included studies was made by a combination of DSM-3R, DSM-4, DSM-5, and NINCDS-ADRDA guidelines. Disease progression was not reported by any of the included studies. The populations of study subjects did not overlap. A summary of included studies is presented in [Table 2](#pone.0155733.t002){ref-type="table"}. The study by Duron et al reported male and female results separately; the means, standard deviation, and sample size were combined, and the combined standard deviation was calculated using equation 5.38 from *Statistical Simulation*: *Power Method Polynomials and other Transformations* \[[@pone.0155733.ref043]\].

![Study selection process (PRISMA flowchart).](pone.0155733.g001){#pone.0155733.g001}

10.1371/journal.pone.0155733.t002

###### Summary of the studies that are included in this analysis.

![](pone.0155733.t002){#pone.0155733.t002g}

  First Author (Year)                                    Journal                    Subjects (N)   Serum IGF-1 (ng/ml)   CSF IGF-1 (ng/ml)
  ------------------------------------------------------ -------------------------- -------------- --------------------- -------------------
  **Alvarez, A. (2007)**\[[@pone.0155733.ref050]\]       Neurobiol Aging            171            IGF-1 ↓ in AD         \-
  **Duron, E. (2012)**\[[@pone.0155733.ref048]\]         J Clin Endocrinol Metab    437            IGF-1 ↓ in AD men     \-
  **Ghigo, E. (1993)**\[[@pone.0155733.ref044]\]         Dement Geriatr Cogn        29             IGF-1 ↑ in AD         \-
  **Hertze, J. (2014)**\[[@pone.0155733.ref049]\]        Bmc Neurology              164            No Change             No Change
  **Mustafa, A. (1999)**\[[@pone.0155733.ref051]\]       Dement Geriatr Cogn        15             IGF-1 ↓ in AD         \-
  **Salehi, Z. (2008)**\[[@pone.0155733.ref045]\]        Biofactors                 82             IGF-1 ↑ in AD         IGF-1 ↑ in AD
  **Trueba-Saiz, A. (2013)**\[[@pone.0155733.ref042]\]   Translational Psychiatry   45             IGF-1 ↑ in AD         IGF-1 ↓ in AD
  **Vardy, E. (2007)**\[[@pone.0155733.ref046]\]         J Alzheimers Dis           213            IGF-1 ↑ in AD         \-
  **Vargas, T. (2011)**\[[@pone.0155733.ref047]\]        Neurobiol Aging            232            IGF-1 ↑ in AD         \-
  **Watanabe, T. (2005)**\[[@pone.0155733.ref052]\]      J Am Geriatr Soc           333            IGF-1 ↓ in AD         \-

From the 10 studies included, 5 reported \[[@pone.0155733.ref042], [@pone.0155733.ref044]--[@pone.0155733.ref047]\] that AD subjects had significantly higher serum IGF-1 levels, 2 reported \[[@pone.0155733.ref048], [@pone.0155733.ref049]\] no significant difference between the two groups, and 3 reported \[[@pone.0155733.ref050]--[@pone.0155733.ref052]\] lower serum levels of IGF-1. The study by Duron et al found no difference between control and AD, however men with AD had significantly lower IGF-1 when subjects were separated by sex \[[@pone.0155733.ref048]\]. We also noticed that the serum IGF-1 values reported by Salehi et al \[[@pone.0155733.ref045]\] were much greater than those in other studies for AD subjects or than those expected for the age group being tested \[[@pone.0155733.ref053]\]. When the data from Salehi et al were included in the analysis, it led to a pooled weighted mean difference with a random effects model of 20.58 ng/mL (95%CI: \[-5.17, 46.32\]; I^2^ = 98%; Cochran's Q = 1433.16; P\<0.00001) in favor of greater IGF-1 in AD, however there was no overall effect of Z = 1.57; p = 0.12. Using the Grubb's test we determined that the results from Salehi et al \[[@pone.0155733.ref045]\] were an outlier (P\<0.00001), and re-analyzed the remaining studies without this data. The remaining 9 studies which were composed of 809 AD subjects and 830 control subjects for a total of 1639. The pooled weighted mean difference using a random effects model was then -2.27 ng/mL (95%CI: \[-22.21, 17.66\]; I^2^ = 97%; Cochran's Q = 866.91; P\<0.00001) in favor of lower IGF-1, and the overall test for effect was Z = 0.22; p = 0.84 ([Fig 2](#pone.0155733.g002){ref-type="fig"}). These results suggest that AD subjects have almost identical serum IGF-1 levels to matched controls. We then conducted a funnel plot of the data and employed Egger's (p = 0.32) and Begg's (p = 0.22) tests, and found no evidence of publication bias ([Fig 3](#pone.0155733.g003){ref-type="fig"}).

![Forest plot of serum IGF-1 in AD and control subjects in included studies.\
The analysis did not include the outlier study by Salehi et al. The analysis showed that the difference is not significant within the groups in whole. CI: confidence intervals.](pone.0155733.g002){#pone.0155733.g002}

![Funnel plot of serum IGF-1 in AD and controls in included studies.\
Funnel plot for all 9 studies included trials to visualize potential publication bias. The shape of funnel plots did not reveal obvious evidence of asymmetry, suggesting no publication bias.](pone.0155733.g003){#pone.0155733.g003}

[Table 3](#pone.0155733.t003){ref-type="table"} shows the summary of the studies which investigated IGF-1 and AD but were not included because these studies did not provide values of serum IGF-1 levels that are required for the analysis. Two cohort studies \[[@pone.0155733.ref054], [@pone.0155733.ref055]\] did not report serum IGF-1 levels and had opposite conclusions on the effects of serum IGF-1 and risk of AD. An additional four studies measured serum IGF-1 levels, three of which concluded that AD subjects had greater serum IGF-1 \[[@pone.0155733.ref040], [@pone.0155733.ref056], [@pone.0155733.ref057]\], and one which concluded that AD subjects had lower serum IGF-1 \[[@pone.0155733.ref058]\]. The dichotomy of results from both included and omitted studies of serum IGF-1 in AD has led some researchers to measure other aspects of the IGF-1 pathway, including CSF IGF-1, CSF/serum IGF-1 ratio, and IGFBP-3 levels. However there does not appear to be a clear trend in any of these parameters, and the limited number of studies reporting these measures precludes statistical analysis.

10.1371/journal.pone.0155733.t003

###### Summary of the studies which investigated IGF-1 and AD but are not included in this analysis because these studies did not provide actual values of serum IGF-1 levels.

![](pone.0155733.t003){#pone.0155733.t003g}

  First Author                                          Journal                 Subjects (N)   Serum IGF-1 (ng/ml)   CSF IGF-1 (ng/ml)   Reason for omission
  ----------------------------------------------------- ----------------------- -------------- --------------------- ------------------- ------------------------------------
  **de Bruijn, R. (2014)** \[[@pone.0155733.ref054]\]   J Alzheimers Dis        1014           ↑ IGF-1 risk in AD    \-                  No serum IGF-1 values reported
  **Johansson, P. (2013)** \[[@pone.0155733.ref056]\]   Psychoneuroendocrinol   80             IGF-1 ↑ in AD         No Change           IGF-1 reported as median
  **Tham, A. (1993)** \[[@pone.0155733.ref040]\]        J Neural Transm         20             IGF-1 ↑ in AD         No Change           Data only presented in graph form
  **Spindler, A. (1996)** \[[@pone.0155733.ref057]\]    J Am Diet Assoc         40             IGF-1 ↑ in AD         \-                  Serum IGF-1 units not reported
  **Murialdo, G. (2001)** \[[@pone.0155733.ref058]\]    J Endocrinol Invest     37             IGF-1 ↓ in AD         \-                  Variance not reported as SD or SEM
  **Westwood, A. (2014)** \[[@pone.0155733.ref055]\]    Neurology               3582           ↓ IGF-1 risk in AD    \-                  No serum IGF-1 values reported

Discussion {#sec004}
==========

This meta-analysis analyzed 9 studies that reported serum IGF-1 levels in AD patients, and did not find sufficient evidence in whole to conclude the relationship between the serum IGF-1 levels and AD. Since the individual studies showed that the serum IGF-1 level either increased or decreased in AD patients, our findings suggested the serum IGF-1 can be a personalized factor reflecting individual specificity of AD patients.

Serum IGF-1 level is consistently higher in animal models of AD, in contrast to AD patients. This difference may lie in the nature of the AD studied. Animal models emulate early onset or familial AD, while the subjects in human studies are not categorized by this distinction. It is possible that IGF-1 levels differ between early onset and late onset AD patients, though as of yet there is no concrete evidence to draw on to support such a suggestion. In comparison to human studies, animal studies used the relative homogeneity of animal genetic populations, living conditions, and testing protocols. Furthermore, animal models may recapitulate some of the pathologies to human AD, however, up-to-date no animal models having identical alterations seen in AD patients are available.

In this study, we did not identify any trends in human data after considering subject age, serum drawing protocol, and IGF-1 analysis techniques. However, two critical variables, that may have affected the relationship between IGF-1 and AD, were not considered, AD disease progression and patient heterogeneity including genetic polymorphisms. These factors could not be analyzed because they were not reported in the included studies. IGF-1 mRNA and receptor concentrations change as the disease progresses \[[@pone.0155733.ref059]\], which may result in progression-dependent IGF-1 changes in CSF and serum. There have been no studies to date analyzing this potential relationship in either humans or animal models. In this meta-analysis, selection criteria did not encompass disease progression, nor was disease progression reported in included studies, and could therefore not be included in analysis. Therefore, it is possible that AD patients in some studies were in earlier stages of the disease, while patients in other studies were, on average, in later stages of the disease.

Another confounding variable is the lack of stratification according to patient heterogeneity. Recent evidence points to the idea that AD is not a homogenous disease and that there may be different molecular mechanisms at play in different patients. Gamma secretase mutations for example are commonly associated with familial AD, however in some sporadic AD patients gamma secretase activity is also altered \[[@pone.0155733.ref060]\]. Furthermore, different mutations in presenilin 1, a cause of familial AD, result in different changes in molecular pathways that manifest as AD \[[@pone.0155733.ref061]\]. Another gene of interest is IGF-1 which may present with clinically relevant polymorphisms. A specific IGF-1 polymorphism (rs972936 GG) was not only associated with increased serum IGF-1 levels, but was also more common in AD patients \[[@pone.0155733.ref047], [@pone.0155733.ref062]\], whereas another IGF-1 mutation (rs35767) increased serum IGF-1 \[[@pone.0155733.ref063]\] without association with AD. Thus, IGF-1 polymorphisms may alter the activity or function of IGF-1 in a manner which may be more relevant to AD pathology than serum levels \[[@pone.0155733.ref047]\]. It is therefore possible that different mechanisms resulting in AD would not only manifest with varying IGF-1 levels but also respond differently to supplementation.

The results of this meta-analysis call into question the notion that decreased IGF-1 is a hallmark of AD, as well as the use of IGF-1 supplementation as an all-encompassing treatment for the disease. This is in line with a clinical trial for MK-667---a drug that increases serum IGF-1 levels, that did not find any attenuation of disease progression by the drug with respect to placebo in AD patients, despite increasing serum IGF-1 by 72.9% \[[@pone.0155733.ref064]\]. In contrast, in other studies increasing IGF-1 by supplementing with growth hormone releasing hormone improved cognition in both healthy and cognitively impaired older populations \[[@pone.0155733.ref065], [@pone.0155733.ref066]\]. The dichotomy of results, claiming that serum IGF-1 is either lower or greater, or that increasing serum IGF-1 may or may not have an impact on patients, may suggest the existence of AD disease subtypes differing by serum IGF-1 level and response to supplementation. Thus, patients would need to be treated on a case-by-case basis depending on their individual serum IGF-1 level and other factors which are not currently clear. This notion is supported by a recent study suggesting that the AD drug Donepezil is more effective in those with the lowest serum IGF-1\[[@pone.0155733.ref067]\].

Conclusion {#sec005}
==========

Our meta-analysis did not find a significant association between serum IGF-1 levels and AD. Future studies on IGF-1 and AD should focus on controlling for variables including disease progression and IGF-1 polymorphisms, and should measure serum IGF-1, CSF IGF-1, as well as relevant binding proteins. Stratifying by disease progression and genetic differences may expose currently unknown subtypes of AD that respond differently to IGF-1 supplementation, while more detailed analysis of CSF IGF-1 may encourage the development of techniques that increase CSF levels directly, and not by proxy of increasing serum levels.

Supporting Information {#sec006}
======================

###### PRISMA 2009 Checklist.

(PDF)

###### 

Click here for additional data file.

AB is a recipient of Ontario Graduate Scholarship (PhD). This study is supported by NSERC Discovery Grant to ZPF.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: ZPF AB. Analyzed the data: PPO AB JF. Contributed reagents/materials/analysis tools: ZPF PPO. Wrote the paper: ZPF PPO. Provided critical suggestions to the study and final version: PPO AB WZ ZPF.
